For the stable and reliable operation of centrifugal pump, the transient flow must be studied and the separation region should be avoided. Three-dimensional, incompressible, steady, and transient flows in a centrifugal pump at specific speed within 74 were numerically studied using shear stress transport k-v turbulence model, and an improved explicit algebraic Reynolds stress model-rotation-curvature turbulence model was proposed by considering the effects of rotation and curvature in the impeller passages in this work. Steady and transient computations were conducted to compare with the experiments. The comparison of pump hydraulic performance showed that the explicit algebraic Reynolds stress model-rotation-curvature turbulence model was better than the original model, especially between 0.6Q BEP and 1.2Q BEP ; the improved model could enhance the head prediction of pump by about 1%-7% than that with the original model. Then, the visualization of the vortex evolution was observed to validate the unsteady simulations. Good agreement was investigated between calculations and visualizations. It is indicated that the explicit algebraic Reynolds stress model-rotation-curvature model can successfully capture the separation flow.
Introduction
Rotation and curvature are common characteristics in the flow passages of turbo-machinery, especially in the flow passages of low specific speed centrifugal pump impeller with long blade and narrow flow passages. [1] [2] [3] Influenced by the rotation and curvature, it is available to generate various separations near the wall or on the cross section, which always cause a huge hydraulic loss. In addition, the separation areas could also increase the flow resistance and decrease the efficiency of energy exchange. It is the most direct and effective approach to study the separation flow structures and adjust the geometric parameters to weaken or eliminate the separation flows by experiments. However, it is difficult to realize due to a considerable investment. Recently, with a fast growth of computing power and more and more intensive use of the turbulence-resolving approaches (large eddy simulation (LES), detached eddy simulation (DES), scale adaptive simulation (SAS), etc.), the Reynolds-averaged Navier-Stokes (RANS) equations still remain the most widely used approach in industrial computational fluid dynamics (CFD). Among various RANS or unsteady RANS (URANS) approaches, the linear eddy viscosity model (LEVM) has received the most consideration and has been applied to many problems, due to its simple form and affordable computation cost. However, an LEVM eventually fails to represent many complex features of turbulent flows like separation flows. It is because LEVM introduces an isotropic scalar field variable like the kinematic eddy viscosity y t . Thus, it leads to major limitations that include the following:
The eddy viscosity hypothesis proposed by
Boussinesq holds that the Reynolds stress components are linearly proportional to the mean strain rate tensor. As it turned out, that hypothesis does not agree with facts in the flow field with separation, streamline curvature, rotation, and high shear rate area. 4 2. The isotropic y t is too rough. For complex flows, especially in the near wall, it is proved that y t is sensitive to direction. Therefore, the definition of y t is not valid for all complex flow, that is, y t should not be isotropic. 5 There continues to be considerable interest in the development of nonlinear eddy viscosity models (NLEVMs) within the framework of the RANS approach in order to overcome the limitations of traditional LEVMs. Gerolymos and Vallet, 6 Mor-Yossef, 7 and Li and Cao 8 adopted the differential Reynolds stress models (DRSM) to predict the turbulent flow. It is well known that such approaches consider the turbulence anisotropy, but, after all, they include too many theoretical models, and whether such models are accurate are not verified, even may need a large amount of computing resources. Therefore, DRSM is not in wide use. Nowadays, there is a considerable renewed interest in developing various forms of explicit algebraic approximations for transport equations of anisotropy tensor, see, for example, the works by Pope 9 and Gatski and Speziale. 10 The explicit algebraic Reynolds stress model (EARSM) proposed by Wallin and Johansson 11 has been proven to give important improvements over LEVM in flows with strong effects of streamline curvature, adverse pressure gradients, separation flow, or system rotation.
In fact, it can compromise the performance of the linear constitutive modeling when combined with an EARSM. The numerical cases, such as the flow in a channel with U-turn, the flow around airfoil or in a stirred tank verified by Rumsey et al., 12 Zhang et al., 13 and Feng et al., 14 using the EARSM combined with k-e turbulence model, and the results all showed that the EARSM combined with an LEVM is better than the LEVM for the prediction accuracy. In particular, the popular k-e turbulence model was not able to accurately predict the flows with strong adverse pressure gradients and separation. Therefore, Menter's shear stress transport (SST) k-v turbulence model is selected to be recalibrated in conjunction with the EARSM constitutive model, for example, see the works by Malone, 15 Lorentzen and Lindblad, 16 and Hellsten and Laine 17 However, it still has weakness in capturing the effects of streamline curvature and system rotation, which play a significant role in many turbulent flows of practical interest.
In this article, a new modified EARSM (explicit algebraic Reynolds stress model-rotation-curvature (EARSM-RC)) turbulence model was proposed, which was modified from SST k-v turbulence model. The idea of the EARSM-RC turbulence model was given as follows: first, the Reynolds stress and the eddy viscosity of SST k-v turbulence model were calculated by EARSM. Then, the production terms in SST k-v turbulence model modified by Smirnov and Menter 18 approach were used for considering the effects of rotation and curvature. Finally, the extended intrinsic mean spin tensor introduced by Huang and Ma 19 replaced the mean spin tensor to the above turbulence modeling in a non-inertial frame of reference. The EARSM-RC turbulence model was used to simulate the flow field of a centrifugal pump. The results based on the EARSM-RC turbulence model were compared with the experimental results and original SST k-v turbulence model simulation results.
EARSM-RC turbulence model formulation

Reynolds-averaged equations and single-point closures
For LEVMs, the mean momentum equation is closed using a Boussinesq-type approximation between the turbulent Reynolds stress and the mean strain rate tensors
Extension of current LEVMs
As shown above, equation (1) takes only zeroth-and first-order terms of the velocity gradients into account. Thus, the existing linear eddy viscosity two-equation models often cannot correctly predict the complex dynamics of inter-component transfer. In flows with strong streamline curvature, adverse pressure gradients, separation flow, or system rotation, such models may fail to give accurate predictions. In order to sensitize LEVMs to rotational and streamline curvature effects, it is necessary to extend the linear Boussinesq assumption (equation (1)). In this article, an EARSM is applied to account for system rotation and streamline curvature. The EARSM replaces the Boussinesq eddy viscosity assumption by a more general constructive relation for the second-order correlation in the RANS equations. In this way, the linear Boussinesq hypothesis is extended by higher order terms. Menter's SST k-v turbulence model is selected to combine the EARSM as a constitutive model, and the Reynolds stress in EARSM is defined as
Here, the expressions of both the turbulent eddy viscosity y 0 t and the extra anisotropy a (ex) ij in equation (2) can be seen in Gatski and Speziale. 10 Additionally, the mean stretching tensor S ij and the intrinsic mean spin tensor V ij used in the formula of y 0 t and a (ex) ij are defined by
where v m is the vector form of angular velocity (m = 1, 2, 3, representing x, y, and z direction, separately); e jim is the permutation symbol.
Rotation-curvature correction for the current LEVM
One of the most serious weaknesses of existing LEVMs is that they are not capable of capturing the effects of streamline curvature and system rotation, which play a significant role in turbulent flows of pumps. An efficient approach for resolving this issue is proposed by Smirnov and Menter. The approach of applying the modification to the production term P k of SST model is multiplied by a coefficient, and it is defined by
where the empirical constants c r1 , c r2 , and c r3 involved in above equation (6) are set equal to 1.0, 2.0, and 1.0, respectively. The variables r * andr in the equation (6) are defined by Smirnov and Menter. 18 In this work, f r is applied as a multiplier of the production term P k in original SST model as follows
where the production term P k reads as
where F 1 is the blending function, and the coefficients in the SST model are s k1 = 0.85, s v1 = 0.65,
' 0:44035. Additionally, S ij and V ij in the expressions of the variables r * andr are expressed as equations (3) and (4).
System rotation correction
Huang and Ma 19 pointed out that the intrinsic mean spin tensor in the equation (4) developed in the inertial frame of reference was frame indifferent, namely, objective. Therefore, when modeling the turbulence in a non-inertial frame of reference, the intrinsic mean spin tensor could not properly capture the rotation effects caused by the Coriolis force since it involves no parameters that are related to the rotation rate of the frame of reference. In recent work, the notion of the extended intrinsic mean spin tensor for turbulence modeling in a non-inertial frame of reference was introduced by Huang et al., and it was shown that it is frame dependent and it can properly account for the rotation effect induced by the Coriolis force. In this study, the intrinsic mean spin tensor should be replaced by the extended intrinsic mean spin tensor, and it is defined as follows
As such, the nonlinear turbulence model employed in this article is given as follows: first, the EARSM model is used to solve the Reynolds stress and the isotropic y t of SST k-v turbulence model. Then, the production terms of SST k-v turbulence model were modified by Smirnov and Menter method. Finally, the intrinsic mean spin tensor is replaced by the extended intrinsic mean spin tensor. Therefore, a new nonlinear turbulence model combining the EARSM model and SST k-v turbulence model is improved, namely, EARSM-RC turbulence model.
Test case
Pump parameters
In this study, the investigated centrifugal pump run with a specific speed of n s = 74 ((n s = 3:65n ffiffiffi ffi Q p =H 3=4 )) at the best efficiency point. The flow rate and head at the best efficiency point are Q BEP = 27.72 m 
Simulation conditions
The solvers used in this work for both steady-state simulation and transient simulation in OpenFOAM are, namely, MRFSimpleFoam and pimpleDyMFoam, respectively. The modified turbulence model is added to both MRFSimpleFoam solver and pimpleDyMFoam solver, and the steady-state case result as initial condition for the unsteady simulation. All the calculations are completed on the high performance cluster. For the steady-state simulation, the boundary conditions are set to velocity inlet and pressure outlet. The upwind discretization scheme is used to discretize the advection term. For the unsteady-state simulation, the convergence criterion is 10
24
. Each time step spanned Dt = 4.138e24s. The chosen time step was related to the rotational speed of the impeller and it was small enough to get the necessary time resolution and to capture the phenomena of the pressure fluctuations. Sampling begins when it is stable after calculation for six cycles.
To ensure the mesh grid of wall layer for the turbulence model selected in this article, the local refined mesh is applied to near wall. The y + near the boundary wall is lower than 50. Before the simulation, the grid independency was studied, and the data for studying grid independency are shown in Table 1 . While the grids are larger than about 1.57 million in Table 1 , the pump head fluctuates little with the increase in grids. So, Scheme 3 of grid is adopted.
The grids of impeller and volute are shown in Figure 3 .
Particle image velocimetry test system
The test was performed in the laboratory of the Research Center of Fluid Machinery Engineering and Technology of Jiangsu University. The particle image velocimetry (PIV) system is used to observe the flow field in the impeller passages, which is shown in Figure 4 . It mainly includes the following components: the US New Wave's YAG200-NWL pulse laser, whose laser pulse frequency is 30 Hz; the 610,035 laser pulse synchronizer, whose trigger timing accuracy is up to 1 ns; the 630,059 power-view plus 4M PIV camera with 2048 pixel 3 2048 pixel resolution and maximum frame rate with 16 frames/s; the Insight 3G software, which is used in data acquisition and analysis and displays software platform; the 610,015 light arm and light source lens; and the tracing particles made of hollow glass and have a diameter of about 20-60 mm and a density of 1.05 kg/m 
Results and discussion
Performance of the pump
In order to verify the precision of EARSM-RC turbulence model in predicting the pump performance, the model pump within the flow rate levels of 0.4Q BEP -1.2Q BEP were calculated by the EARSM-RC turbulence model and the SST k-v turbulence model with steady and unsteady simulation, respectively. Results are shown in Figure 5 .
The results in Figure 5 show that both the modified model EARSM-RC and SST k-v turbulence model are similar on the prediction of head during and Dh is about 2.82%; DH is maximal under 1.2Q BEP , and it decreases to 27.25% compared to the original model. In addition, the discrepancies caused by EARSM-RC under 1.0Q BEP are about 22.2% (DH) and 1.16% (Dh). Overall, the discrepancy caused by EARSM-RC is lower than that by SST k-v turbulence model under most of the flow conditions. Therefore, the result of the EARSM-RC turbulence model is more realistic.
Inner flow analysis and comparison
In order to verify the prediction accuracy by EARSM-RC deeply, comparisons are performed by EARSM-RC, SST k-v, and experimental data from PIV. The test region of impeller is illustrated in Figure 6 , and the six different flow passages are named as passage 1 to passage 6. Three sections of impeller passages are selected as measuring zones, as shown in Figure 7 . Sections 1, 2, and 3 in Figure 7 are presented for near shroud section, the middle section, and near hub section, respectively. The flow field near those sections under different flow rates at t = 0 s are investigated. Due to limited space, here only the flow field distributions near Section 1 are selected.
The flow field distribution near the shroud section. The flow field distributions near the shroud section by both simulation data and PIV data are illustrated in Figure 8 test. Then, the flow velocity on shroud section under 0.6Q BEP is selected as research subject, which is shown in Figures 9 and 10 . It can be seen from the above figures that the flow field in impeller passage 1 and 5 have the maximum variation with the impeller rotating by both PIV test and EARSM-RC transient simulation. At t = 0 s, there is a small vortex near the pressure side in impeller passage 1 and passage 5 by both PIV and EARSM-RC simulation. With the trailing edge of the blade in impeller passage 1 sweeping the cut-water, the vortex in the impeller passage 1 is disappearing. Then, while the cut-water is directly against the exit of impeller passage again, and the flow near the pressure side in this impeller passage moves toward the suction side. In addition, while the cut-water appearing at about the middle position of impeller passage, the vortex begins to show up. Then, the vortex is detected by both PIV test and EARSM-RC again at 4/6T.
In PIV test, the vortex in impeller passage 5 at t = 0 s disappears very rapidly with the impeller rotating. However, the flow separation still exists in the next moments. Meanwhile, influenced by the vortex in passage 5, there is a small vortex in passage 4 both at t = 2/6T and t = 4/6T. However, in the EARSM-RC simulation, it is clearly recognized that the vortex in passage 5 begins to decrease, and then, it disappears at t = 3/6T. In this process, the flow separation begins to generate in passage 4, and during the next impeller rotation, the position and size of vortex is hardly changed.
As a result, although the flow field distribution by the EARSM-RC simulation data cannot entirely be consistent with that by PIV test data near the shroud section under 0.6Q BEP , the unsteady flow varying with time is very similar to those two data. It is shown that the data simulated by EARSM-RC turbulence model get close to test data. It is also illustrated that the modified model is reliable in predicting the flow distribution in pump.
Conclusion
A modification of the shear stress transport turbulence model was suggested based on adaptation of the EARSM of Wallin and Johansson and the rotationcurvature correction of Spalart and Shur. The modified model (EARSM-RC) was tested for a low specific centrifugal pump flow with system rotation and streamline curvature. The main conclusions were as follows: 
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